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ABSTRACT

Problems related to the. design and control o an autonomous rover
for the purpose of ummanned exploration of the planets have been con-
sidered. Building on the basis of prior studies, a four wheeled rover
of unusual mobility and maneéuverability has been further refined and
tested under both laboratory and field conditions. A second major
effort has been made to develop -autonomous guidance. Path selection
systems capable of dealing with relatively formidable hazard and terrains
involving various short range (1.0-3.0 meters), hazard detection systems
using a triangulation detection concept have been simulated and evaluated,
The mechanical/electronic systems required to implement such a scheme have
been constructed and tested. These systems include: 1laser transmitter,
photodetectors, the necessary data handling/controlling systems and a
scanning mast. In addition, a telemetry system to interface the vehicle,
the off-board computer and a remote control module for operator inter-
vention have been developed., Software for the autonomous control concept
has been written. All of the systems required for complete autonomous
control have been shown to be satisfactory except for that portion of the
software relating to the handling of interrupt commands.

Further progress has been made in the area of wheel design and test-
ing for fatigue and dynamic load failure. Alternative payload protection
concepts have been studied and a proximity sensor concept has been
examined in depth. Efforts have also continued in the area of advanced
terrain sensing and obstacle detection concepts.

—————— —
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INTRODUCT ION

Current national goals in space exploration include a detailed exploration of
the planet Mars. 1In the past, these invest.zations have employed remote sensing
systems carried by fly-by vehicles and more recently orbiting devices. As of this
writing, the Viking spacecraft are orbiting Mars with the objective of selecting a
suitable landing site. On completion of the Viking missions, basic knowledge of
biological, chemical and meteorological characteristics of the Mars surface will
have been gained. Despite the monumental achievement which a successful Viking
mission will represent, the limited Zone of exploration as constrained by the ten
foot sampling boom will not fulfill the long term scientific objectives. Ulti-
mately, a rather more complete exploration of Mars and other suitable planets and
extraterrestrial solar system bodies will be desired.

The major impediment to an unmanned mission of exploration is the long round-
trip communicat lon delay. For Mars, this delay varies from a minimum of about nine
minutes to a maximum of approximately 45 minutes depending on the distance between
Mars and Earth, For other missions, the delays are even longer. Thus, for a
mission of any consequence in range and a reasonable duration in time, i.e.,
several hundred kilometers or more, it is not feasible to rely strictly on earth
control to direct a vehicle or equivalent relocatable device from the original
landing site to the desired sampling points. It follows that a roving vehicle
possessing a high degree of automatism is essential to such missions.

In looking forward towards significant and detailed unmanned planetary explora-
tion, it would appear that developmental activities should be aimed at two basic
problems in order to permit either an augmented Viking mission or a sample return
mission,

First, the vehicle should be characterized by a high level of mobility in order
that reasonable paths be available to reach the desired targets. A vehicle of
limited ability to deal with boulders, craters, crevasses, slope and other terrain
irregularities may require an inordinate length of time and distance to reach the
desired goal. Indeed in some circumstances, such a vehicle may not be able to reach
the target. As the vehicle's mobility is increased, it v .:1 be able to deal with
more difficult terrains. More paths will be available and the opportunity for se-
lecting optimal paths will be increased.

Second, such a roving vehicle should be provided with a guidance and control
system of comparable quality to its mobility. The decision as to which path should
be followed must be made by a path selection system which is comprised of terrain
sensor(s), a terrain modeler and a path selection algorithm, A low level path
selection system will have to be biased conservatively to minimize the risk of an
unperceived hazard. Thus, many and perhaps all acceptable paths may be excluded
immobilizing the vehicle. The effect of a low level system is in fact to reduce
the vehicle's mobility., As a minimum the path taken towards the desired goal will
be lengthier and more time-consuming and the range of exploration will be reduced.
On the other hand, a higher level, more sensitive and perceptive system will be
able to detect a larger fraction of passable paths and select those most compatible
with the mission and the vehicle.

This research program has been addressing these two major problems and other
closely related issues with the goal of providing basic knowledge of long-term value
to NASA and developing concrete alternatives applicable to future planetary ex-
ploration missions,
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II. OVERVIEW OF THE PROJECT

During the past year the major emphasis has been directed to achieving, demon-
strating and evaluating autonomous roving capability for the Rensselaer-vehicle
concepts. Figure 1, which was prepared in February of 1975, describes schematically
the many sub-tasks and the time-frames required to achieve the goal of minimum auto-
nomous control. Also shown in Figure 1 are several tasks related to higher level
autonomous roving. - -

The major emphasis was directed—towards the achievement of a minimum but
total level of autonomous guidance and control towards a prescribed destination.
Tasks included in this effort were those related to the vehicle, including com-
munications, motion control, telemetry, computer software, wheel analysis, payload
protection, and field testing, short range (1-3m) hazard detection, and path selec-
tion system development, simulation and evaluation based on the short range hazard
detection concept. A lesser emphasis due to resource limitations was directed
towards higher level path selection systems and specifically towards terrain model-
ing and obstacle detection in the 3-30 meter range, The latter effort was augmented
in both scale and in scope by adding the 3-30 meter range path selection systems
simulation task when an additionmal NASA Grant, NGL 7184, was approved.

All of the goals set on Figure 1 with the exception of the demonstration of
complete closed loop autonomous control were achieved, Failure to achieve the final
goal was due to incomplete software particularly with respect to the handling
systems interrupts. Electro-mechanical systems including transmitters, receivers,
data links, laser/photodetector scanners, on-board data handliag/controlling,
telemetry-computer interface, navigation and vehicle sensor data software and the
path selection algorithm were completed and fully tested., The vehicle was up-
graded mechanically and tested thoroughly both in laboratory and field situatioms.
The hazard detection system was demonstrated to achieve the desired goals and appro-
priate signals were shown to be received at the offboard computer.

During the Jupe-August period, work is continuing at a high level on the in-
vestigation of alternative path selection systems using higher level terrain detect-
ion schemes based on the laser/photodetector triangulation concept. It is intended
to reactivate the hardware/software tasks this September with the goal of debugging
the software and testing thoroughly the single laser/single detector concept in
both laboratory and field situations. The next step would be to implement a higher
level system which would probably involve elevation as well as azimuthal scanning
of the laser and multiple photodetectors in order to gather sufficient data for
more efficient path selection decision making.

III. SUMMARY OF RESULIS

TASK A, Vehicle Configuration, Control, Dynamics, Systems and Propulsion

This broad task was subdivided into a set of subtasks: mechanical/electronic
improvement of the basic vehicle, design and construction of a scanning mast for
terrain sensing, vehicle control systems, telemetry links including the computer
interface between the vehicle and the off-board computer, computer software, labora-
tory and field testing, wheel analysis and payload protection systems.

A.1 Mechanical/Electronic Improvements

The basic vehicle design required little in . : way of improvement of the
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existing mechanical/electronic components over the previous version. The front
and assembly was reinforced and rear motor drive ratios were modified to provide
increased torque at the wheels. A navigation gyro was added to the existing
vehicle sensor system. The existing double-hoop toroidal wheels were stiffened
to overcome the tendency for failure observed in extensive real terrain testing.
A wheel tester to evaluate resistance to fatigue and/or dynamic load failure was
designed and constructed,

A.,2 Terrain Sensor Scanning Mast

On the basis of path selection system simulations, design requirements for
a scanning mast on which to mount the terrainm sensors were specified. A scanning
mast meeting the requirements was designed, constructed, tested and installed on
the vehicle. Field testing showed that the scanning mast met all operational
requirements.

A.3 Vehicle Control Systems

A new four wheel speed control responding both to the vehicle speed command
and to the steering requirements was developed. An improved steering control
system was implemented using position feedback and pulse width modulation to drive
the steering motor to one of fifteen preset steering angles. A system to monitor
the directional gyro to allow it tc track vehicle direction and transmit this data
to the computer for navigation purposes was constructed. Control circuitry to
maintain the scanning mast center parallel to the steering direction was also
implemented.

A.4 Telemetry and Computer Interface

A telemetry system interfacing the vehicle, the computer and a manual station
(Remote Control Module) was designed, constructed and tested. The system provides
for high rate data transmission of hazard detection and vehicle data to the com-
puter and for lowerdata rate transmission from either the computer or the Remote
Control Module with the latter having override capabilities. The interface between
the computer-related telemetry receiver/transmitter and the Varian/620i IDIIOM
Interactive Graphics Computer System was designed, constructed and tested.

A.5 Computer Software

Software was developed for the Varian/620i IDIIOM Interactive Graphics Computer
System for the control and guidance of the Rensselaer autonomous rover. Included in
the software development were programs: to display graphically all pertinent vehicle
strut, attitudinal and directional parameters as sensed by detectors; to display
pertinent data such as speed, steering angle, etc.; to make necessary navigation
computations as required by the path selection algorithm; to process hazard detect-
ion system signals to required form; to execute the path selection algorithm; and
to issue steering and speed commands to the vehicle., All software developed proved
to be effective except for those portions dealing with interrupts.

A.6 Laboratory and Field Testin:z

The vehicle's ability to deal with a variety of terrain features was tested
in both laboratory and real terrain situations. The laboratory testing which
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involved an obstacle 'course" permitted quantitative conclusions. Although real
terrain testing could not be reduced to quantitative parameters, the vehicle's
real terrain performance far exceeded laboratory predictions. A considerable
film footage documenting the vehicle's real terrain performance was taken and is
now in process of being edited.

.

A.7 Wheel Analysis -

-

A detailed review of the literature-with respect to locomotion theory and
measurement was completed and has provide& a qualitative basis for improving the
wheel design. Experimental measurements of force/deflection characteristics of
single hoops in combination with the full range of stiffening spokes and with
various angular force/hoop geometrics and of full wheels with and without grousers
were made. On the basis of these data, am empirical design procedure relating the
desired wheel footprint to the hoop parameters was obtained.

A.8 Payload Protection Systems

The problem of protecting the vehicle payload from terrain features which
would be undetected by the path selection system was considered and several
alternative systems were identified. The most promising of these involves light
emitting diode/photodetector devices, In depth experimental studies were under-
taken to determine the effect of the surface characteristics and orientation
relative to the detector on the received signal. These data can now be used to
design, construct and evaluate an optically-based payload protection system.

TASK B. Triangulation-Based Terrain Sersing

B.1 Laser Transmitter/Receiver

The laser transmitter required to implement a short range (1.0-3.0m) tri.ngula-
tion-based hazard detection was designed, constructed and tested. A laser detector
and associated optics has also been constructed. The transmitter and detector
systems have been mounted on the scanning mast and have been tested in concert with
the data handler/controller system (Task B,2) and the telemetry system, The overall
system has been demonstrated as meeting the specified requirements with appropriate
detection signals being received at the computer site,

B.2 Data Handler/Controller

A data handler/controller intended to direct the operation of the terrain
sensing system and to process data prior to transmission has been designed, con=-
structed and tested, It meets the requirements of the basic one laser/one detector
terrain sensing system but it can satisfy a three laser/five detector system,

TASK C. Path Selection System Simulation and Evaluation

Path selection systems employing a short range (1.0-3,0m) terrain sensing
devices based on a triangulation concept have been conceived and evaluated by simula-
tion, One and two laser/one detector system are shown to be effective for path
selection in situations where basic terrain gradients are less than + 12° and where
positive or negative hazards are defined as exceeding + 12 inches. A three laser/
three detector system has been shown capable of dealing effectively with more
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severe terrain gradients.

TASK D. Advanced Terrain Sensing-Hazard Detection Concepts

The Rapid Egtimation Scheme used in conjunction with a Kalman filter for the
detection of discrete obstacles has been simulated on the Varian/620i IDIIOM
Interactive Graphics Computer Systew., This program provides the basis for more
effective investigation and evaluation of this edge enhancement technique in its
application to path selection systems for planetary exploration.

-

IV, DETAILED SUMMARIES OF PROGRESS

TASK A. Vehicle Configuration, Control, Dynamics, Systems and Propulsion

The objectives of this task are two-fold: (a) to design, construct and
evaluate a data and sample gathering rover to augment a second generation Viking
lander or to support a sample return mission for an extensive Mars explorationm,
and (b) to provide a test bed for the rigorous evaluation of alternative hazard
detection and path selection systems for an autonomous rover.

A.1 Mechanical/Electronic Improvements - P, Marino
Faculty Advisor: Prof., G. N. Sandor

Laboratory and field testing indicated that the front end assembly was marginal

in mechanical strength. This is due to the vehicle's current weight of 260# as

compared to 180# in 1973 when the basic structural frame was designed. The asszembly

was reinforced to meet the higher stress requirements.

Laboratory and field testing also disclosed that the rear motors were not
providing sufficient torque, partly because of increased vehicle weight. As a
result the mobility capabilities of the vehicle concept were not being optimized.
The rear motor drive ratios had been initially set to obtain relatively high
vehicle speeds. In view of the current short range hazard detection concept being
implemented, such speeds are inappropriate. Accordingly the rear motor drive
ratios were changed to increase the delivered torque and achieve desired vehicle
speeds.

A navigation gyro was added to the existing vehicle sensor system to provide
the directional heading data required by the path selection system for autonomous
roving. Data processing and control of the gyro is described under Task A.3,

The earlier extensive field testing also revealed that the existing dcuvle
hoop toroidal wheels were prone to failure under the severe dynamic evading en-
countered. The wheels were stiffened both radially and laterally by the addition
of stiffening spokes wund by increasing the stiffness of the hoop spring steel.
Although these actions reduced the footprint area somewhat, the wheels were found
to tolerate very severe dynamic loaas during receat field testing., The current
design is not believed to be optimal and future decisions will be guided by opera-
ting experience and the results of the studies reported under Task A.7.

Partly as a result of these wheel frflure problems, a wheel fatigue tester
was built during spring semester, 1976, v~ Figure 2.) This machine consists of
a large (1.5m) diameter wheel loaded against and driven by a test vehicle wheel.
A variable speed A.C. motor supplies the driving force. This simulates a wheel
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running on the vehicle for extended periods of time, which would not be feasible with-
out this machine, Features include variable speed, variable load angle, and variable
load., In addition, rough terrain can be simulated by attaching 'obstacles'" to the
large simulator wheel., Construction has just been completed, and comprehensive

wheel testing is scheduled for Fall 1976.

The recent extensive field testing, Task A.6 has revealed that the torsion bar
system is marginal and must be strengthened, again the result of increased vehicle
weight. In addition, it is suspected that-other components and systems such as the
front motor drives may be marginal. This situation is also partly due to the fact
that the vehicle's demonstrated ability to deal with terrain features far exceeds
original design goals. Thits much larger dynamjc sads are being experienced, Future
work will have to be directed to a careful examination and analysis of vehicle com-
ponents to determine what changes would be appropriate to take full advantage of
vehicle's mobility potential.

A.,2 Terrain Sensor Scanning Mast - P, Marino
Faculty Advisor: Prof, G. N. Sandor

On the basis of the path selection systems simulation studies, Task C., a
minimum system involving a single laser/single detector using tr‘-ngulation was de-
veloped., The scanning mast specifications were defined to meet p.ch selection re-
quirements. These were:

160° scan at a minimum of 2 cyles/sec.
center of scan must be movable at 2 RPM.
. mast must be capable of handling several lasers
and detectors whose total moment of inertia is
the equivalent of 4,0 Kg mass at a radius of 5.0 cm,
4, the angular position of the mast relative to center
of scan must be available as an electrical signal.
5. the angle of the center of the scan relative to the
vehicle structure must be available as an electrical
signal,
6. the entire assembly should be light in weight, consume
little power and produce little vibration in vehicle
structure,

W N -
« .

A scanning mast meeting these requirements was designed, constructed and in-
stalled on the vehicle. The system involves two motors, one of which drives a crank
to generate the oscillating motion while the other positions the center of the scan
according to the steering angle using a feedback loop. Thus the scanned terrain is
always consistent with the direction of motion of the front wheel assembly. Details
of the mast are provided in Figure 3. The laser assembly is located inside the
tube which is rotated to obtain the desired azimuthal scanning. The mirror at the
top of the mast can be adjusted to provide the desired elcvation angle for the
laser beams., The detector is fixed in position by a clamp and its elevation angle
is adjustable. This arrangement will allow evaluation of alternative geometrical
arrangements, Should it be desired to increase the height of the liaser, it is
necessary only to replace the aluminum tube with one of an appropriate length.

Two potentiometers provide the required position data to control the position
of the center of scan relative to the steering angle and the firing of the laser at
the desired azimuthal angles. The scanning speed can be controlled to a maximum of

e T
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five complete scans (i.e, 160° sweep and ~~turn to original position for a
total of 320°) per second.

Should elevation as well as azimuthal scanning be desired, the fixed
mirror can be replaced by a multifaced rotating mirror to achieve the desired
elevation angle coverage., Multiple detectors can be attached to the scanning
mast in many different ways. This mast fulfills current and anticipated short
range hazard detection system requirements. As will be reported under Task
B.2 the integrated scanning mast, laser -transmitter/receiver, data handler/
controller and associated telemetry functioned as predicted.

A.3 Vehicle Control Systems - T. Geis, T;-Kasura, J. Craig, W. Davis, T, Baran
Faculty Advisor: Prof. D, Gisser

Three major vehicle control systems tasks were addressed, namely, four
wheel speed control, directional gyroscope monitoring and control, and scanning
mast position and speed control.

The four wheel drive system is designed to monitor continuously the
steering direction, the digital inputs derived from the tachometers, and to
drive each wheel motor at the proper speed consistent with steering angle and
vehicle speed, The system employs position feedback and pulse width modulation
to drive the steering mctor and bring the axle to one of fifteen preset steering
angles.

The wheel speeds required as a function of steering angle were determined
from the geometry of the system and are shown in Figure 4 as the continuous
line, These wheel speed curves were normalized to obtain the discrete functions
shown ir. Figure 4 by the dotted lines. A schematic of the overall system is
shown in Figure 5. The wheel speed functions are stored permanently. At a
particular steering angle, the appropriate functions are compared with actual
wheel speed as determined by the tachometers to provide the required wheel speed.

A new steering system was also implemented. It involves analog position
feedback and pulse width modulation to obtain 15 different preset steering angles.
These steering angles, one in the center and seven equally spaced on each side
give stuering position from 0° to 90° in either direction. The control system
is designed to prcduce a constant steering angle change rate when the difference
between the actuzl and desired heading exceeds 5 and a linearly decreasing
correction rate for a difference of less than 5° to minimize overshoot.

The directional gyroscope installed in the vehicle is a Giannini Type 3211
purchased as surplus equipment to reduce costs. Its only drawback is that the
vuipui potentiometer is linear over only 180°, Once past 90° from center, the
gyro does not reflect changes in direction. To overcome this limitation two
solenoids mounted inside the gyro housing can be stepped in 2° intervals to keep
the heading within the 180° range. A control system was designed to monitor the
output voltages and step the solenoids in the proper directiou while keeping
track of the number of steps. The resulting directional gyro controller block
diagram is shown in Figure 6.

Full details of these contrcl systems are provided by Reference 1.

g
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A.4 Telemetry and Computer Interface - T.R. Gels, K. Fell, W. Davis,
D. Belanger, G. Hunt and T. Barome
Faculty Advisor: Prof. D. Gisser

The overall control system for the vehicle in the autonomous roving mode
is shown in Figure 7. The telemetry requirements include a high data rate
link from the vehicle to the telemetry receiver and two low data rate links
from the compute: command transmitter and the remote control module, In
addition, a computer interface is required to accept the data transmitted by
the vehicle and to control the transmission of command instructions to the

vehicle. -

Two major improvements in the telemetry system were made during the past
period. First, the data link from the vehicle to the telemetry receiver was
substantially upgraded to handle the new and future projected data rates.

The system which is described in detail in Reference 2 can now handle 20
kilobits/sec and is designed to be upgraded to a 50 kilobit/sec rate with very
modest modifications. The lower data rate capacity is substantially in excess
of requirements anticipated for the short range hazard detection system con-
cepts being implemented, (see Tasks B.l, B.2 and C). A Hamming code has been
incorporated into the system to correct single errors and to detect multiple

errors.

The second major improvement is in the remote control module which is used
by the investigators on the test site to modify test objectives, i.e. vehicle
speed or to override commands received from the computer command transmitter.
Since complete closed loop control could not be achieved because of inoperative
computer software systems, the remote control module was used to control the
vehicle during the laboratory and field testing program. The new remote
control module is compared with the old version in Figure 8. The major im-
provements were in the human/machine interface and involved a considerable
improvement in the ability of the operator to specify his commands, Reference
1. The new design has increased capabilities to force the vehicle to address
spe~rific mobility tests, It will play an increasingly important role in future
studies involving hazard detection by increasing the operator's ability to put
the vehicle into desired encounters with potential hazard and observe the path
selection systems response to these encounters.

A computer interface capable of receiving data transmitted by the vehicle
or the control receiver and processing it as input to the computer and accept-
ing computer output and processing it prior to transmission to the vehicle has
been designed, constructed and tested, The overall role of the interface is
shown in Fig, 9, in receiving and processing input data and commands and trans-
mitting commands to the vehicle. In brief, the input interface performs four
main operations: 1t outputs data to the computer in response to a SENSE command,
handles Data Transfer In, Interrupts and DMA (direct memory addressing). The
output interface handles Data Transfer Out routines. A detailed description of
the interface including all logic elements is provided in Reference 2,

A.5 Computer Softer - M.A., Mingoia and D. Robbins
Faculty Advisor = Prof. S, Yerazunis

The objective of this task was to develop the control software for come-
plete off-board computer control for the autonomous rover., Desired functioms

—-————
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included deployment, path selection, steering, navigation and handling of
emergency situations as well as permitting human intervention and monitoring.
The programs required to implement these capabilities form the overall scoftware
system which 1is shown in Figure 10, In addition, software required for vehicle
development and checkout was developed. The software is programmed in
Assembler Language on the Varian/6201i IDIIOM Interactive Graphics Computer
System,

Developments this year were based on the prior work which developed a
graphic simulation/display program which was not coupled with vehicle hardware.
During the year, the following softwaré was developed:

-
1. Support of computer-vahicle interface checkout

2, Coupling of existing graphic display with vehicle
hardware

3. TIMER - a real time clock implemented in software
for scheduling of vehicle control programs.

4, GYRO - a program tc convert directional gyro sensor
data into angular information

5. NAVI 1 - a navigation program to define the location
of the vehicle with respect to a reference location

6. VEHINT - a program to handle interrupts

7. TRNVEH - a program to translate path selection
system decisions into vehicle steering commands

8. OUTPUT - a program for outputting commands to the
vehicle

9. PATHSL - the path selection program for the one
laser/one detector minimal level system, PSS-1, des-
cribed under Task C and described in detail in
Reference 3.

A general description of the total software and a detailed description

of items 6 through 9 above including coding are included in Reference 4. All
of these software programs have been checked out with the exception of VEHINT,
The checkout includes interaction with all systems including telemetry, hazard
detection system and the vehicle, Failure of VEHINT to process interrupts
reliably precluded a complete testing of the ove.ill control system for auto-
nomous roving of the vehicle. A first objective in September will be to re-
solve the interrupt problems so that meaningful testing and evaluation of the
minimal path selectfon system PSS-1l can be undertaken,

A.6 laboratory and Field Testing - P. Marino, J. Koskol

Faculty Advisor: Profs. G. N, Sandor and S. Yerazunis

The objective of this task was to determine the mobility of the vehicle in

both laboratory and field testing with the goal of providing guidance to the
hazard detection and path selection systems tasks. The laboratory testing made
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use of an obstacle course which has been described in Reference 5. In brief,
a frame constructed of wood and steel provides a basis for creating the de=-
sired terrain features using plywood sections. Slopes, open and closed steps
and crevasses individually or in combination can be constructed for vehicle
mobility measurements. Quantitative mobility parameters we:.e obtained in this
fashion. For example, Figure 11 displays the vertical open step climbing
capabilities as a function of the slope on which the step is located. This
capability ranges from a step of just under 8" to no step at about 32° which is
the limiting gradient the vehicle could handle with its grousers on a plywood
surface. The vehicle was shown to climb up and over much steeper inverted 'V
ridges (slopes of order of 50°) provided that the length of the side of the
ridge was four feet or less compared to a vehicle wheelbase of six feet, The
vehicle could traverse a 16" wide open crevasse readilly.

The height of :losed step which can be handled depends on the slope of
the surface connecting the low and high sections of the step., Shown in Figure
12 gre the results of testing for the horizontal case. This step climbing
ability will reduce if the main terrain is upward sloping and increase in the
case of a downward sloping situation. Measurements were also made to deter-
mine the ability of the vehicle to avoid a hazard as a function of speed.
Maximum margin required varied from 23" at zero speed to 100" at high speed
(0.35 meters/sec). These data were used as a basis for defining the perform-
ance characteristics of the hazard detection and path selection systems under
development.,

Field testing during the fall on a construction side on the RPI campus
suggested that the laboratory tcsts tended to understate the vehicle's mobility
capabilities., This was confirmed in extensive field testing this past spring
using a section of the construction site which was contoured to simulate Mars
terrain. Craters, steep slopes, r.dges and boulder fields were simulated. It
appears thai real terrain involving dirt particles, sand and rocks provides for
improved traction. Unfortunately, the capability has not been quantified, and
more definitive experimentation with field terrains is in order. The ten
minute 16 mm color film which has been prepared from these tests portrays in
a vivid manner the mobility of this vehicle concept.

A,7 Wheel Analysis - R.F. Lipowicz
Faculty Advisor: Prof. S. Yerazunis

The objective of this task was to review the literature in the area of
locomotion with the goal of providing guidance in improving the performance of
the double~hoop toroidal wheel employed for propulsion, 1ln addition, such ex-
perimental measurements as needed for wheel improvement were to be obtained.

Locomotion theory was reviewed in detajl with Mars exploration in mind.
Included in the review were the open technical literature and a number of NASA
supported studies. The mathematical relationships involved were examined for
guidance in design modification rather than for computation of an optimal wheel.
The reason for this is that it would be of doubtful value to optimize the de-
sign for a specific set of terrain parameters when the uncertainties of the
Mars terrain are so large. Rather the thinking was to describe a terrain
"envelope" and to seek a wheel most suited to deal with surfaces within this
range.

PSR ————
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With this in mind and defining a terrain "envelope'" consistent with pro-
jections of the nature of the Martian soil, the following guidelines were de-
duced:

1. The Martian soil should be assumed to be cohesive
rather than frictional.

2. Flotation, the ability of the vehicle to remain
on the surface of very weak soils, is improved by
increasing not only the footprint area but also
by increasing the width of footprint. Hence, width
enters as the square in its effect,

3. Motion resistance is the sum of compaction and "bull-
dozing" effects. The compaction resistance decreases
wit' increased footprint length and width with length
kaving a stronger influence. Bulldozing resistance
increases with increased footprint width; however,
this resistance component tends to secondary impact
in frictional soils. Thus net motion resistance is
decreased with increases in footprint length and width
and, therefore, in area.

On an overall basis, it is concluded that an increased footprint area
as brought about by footprint length and width is to be sought to increase
flotation and to decrease motion resistance,

There is a second consideration which has been disclosed by laboratory
and field testing the RPI rover in regard to its ability to climb bluff objects
such as boulders. The softer is the wheel footprint, the more traction is
gained sir 2 the grouser conforms more to the tractive surface, (essentially
envelopes curved surfaces). This requirement is consistent with increased
footprints for maximum flotation and minimum motion resistance. However, there
is a tradeoff between the benefits to be gained by "softening' the wheel to
increase footprint and the mechanical integrity of the wheel, particularly under
dynamic loading. Earlier wheels which had been made quite soft were found to
fail under the dynamic loads encountered within too short a time. It is be=-
lieved that alternatives such as pre-stressed hoops, appropriate hoop spokes and
grouser support may permit the use of a relative 'soft" wheel with large foot-
print which is capable of dealing with the maximum dynamic loads to be expected.
As noted under Task A.1l a wheel tester has been constructed for investigation
of alternative designs. It is expected that definitiveresults will be available
by December 1976.

The second thrust of this task was aimed at the measurement of individual
hoop/force deflection characteristics as a function of the restraining hoop
spoke and of complete wheels with and without a grouser. A heuristic design
procedure relating full wheel performance in terms of specified footprint to
individual hoop design parameters (i.e. band width and thickness and stiffening
spoke dimensions) was developed.

A static loading device was conczived, Figure 13, in which individual
hoop deflections could be determined as a f nction of the hoop orientation
relative to the direction of the force as well as of hoop and spoke parameters.
Figure 14 shows the results for hoops of three different widths and thicknesses.
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for one hoop/force orientation and one stiffening spoke configuration. Such
measurements were made at four different hoop/force orientations, four spokes,
and three hoop parameters to gain some insight in the behavior of tie in-
dividual hoops.

Subsequently, a complete wheel was tested using hoops of one single
width and thickness, one stiffening spoke configuration under three different
conditions: (a) without grouser, (b) with a grouser but without grouser/hoop
bonding and (¢) without a grouser but with a circumferential band of spring
steel to which each hoop was attached rigidly. Figure 15 compares the results
obtained for these three cases. It is—interesting to note the load/deflection
characteristics of the unconstrained hoop_case (no grouser or outer band) and
of the wheel with the outer steel band of essentially the same. However, the
wheel equipped with the grouser is significantly stiffer. Apparently, the
grouser side walls tend to stiffen these sections of the hoops, thus increas-
ing the stiffness of the wheel as a whole. It should also be noted that the
load/deflection characteristic observed for small deflection of the complete
wheel corresponds closely to the load/deflection pattern for a single hoop.

Combination of the total wheel load/defiection results with those of in-
dividual hoops through a chain rule procedure provides an empirical basis for
predicting wheel footprint area as a function of the moment of inertia of the
individual hoops. Complete deails of this program are reported in Reference 6.

A.8 Payload Protection Systems - R, A, Marin
Faculty Advisor: Prof. S. Yerazunis

The objective of this task was to investigate alternative methods for
protecting the payload from terrain hazards which would not be detected by
current « -~cepts in hazard detection systems for path selection. Consideration
was given both to electro-mechanicaland electro~optic alternatives, These
included: a mechanical tactile feeler system, a laser/detector triaungulation
concept similar to the current hazard detection system but on a smaller scale
and a reflectance concept. On the basis of preliminary analysis it was de-
cided to pursue in depth proximity sensing based on reflectance. Accordingly,
the main thrust of this task was re-directed to determine the characteristics
of such a system.

A transmitter involving a light emitting dicde pulsed for 72 microseconds
in a total period of 72 milliseconds was designed and constructed. Because of
the short pulse interval and the relatively narrow divergence angle (~ 24°)
illumination of acceptable intensity was obtained. A phototransistor receiver
of high gain and sensitivity was also constructed.

Listed in Table I are the test surfaces which were studied to determine
the feasibility of the concept. Shown in Figures 16 and 17 are the received
signals as a function of material and distance from the sensor to the reflect-
ing surface for the case where the transmitted beam is normal to the surface,
It is to be noted that the strength of the signal varies markedly with distance
according to the expression

Signal = K (Distance)l’7

[ —
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TABLE I

Descriptioq of Test Surfaces

vy

Glass mirror

Shiny copper -
Oxidized aluminum
White photostat paper
Extra fine white sandpaper
Coarse white sandpaper
Washing cement (gray talc)
Granite stone

Red talc |

Brown soil (Mars so0il)
Brown soil spheres

Slate rock

Coarse black emery paper

Aluminur-painted ultra flat black

*Complete specification of test surfaces in Reference 7.
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KEY
.Copper

« e Aluminum
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-Coarse sandpaper
«Gray talc
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In addition the strength of the signal is a strong function of the
surface involved. For example, the ratio of signal received from fine sand-
paper to that of slate is approximately four.

The effect of inclination of the reflecting surface relative to the axis
of the incident light was also investigated. Figure 18 presents the results
obtained for fine sandpaper, slate and a mirror. The relative reflectance
defined as the signal strength at the specified inclination divided by the
strength at 0° inclination falls off relative slowly for diffuse reflectors
such as slate and sandpaper as compared with the abrupt reduction with a mirror.

The concept has as a major advantage_in its behalf extreme simplicity and
could conceivably provide the detection required to protect the payload from
bluff terrain features in its path or from too low a clearance. Its feasi-
bility is favored by the strong relationship between signal and distance
between the transmitter/receiver and the reflecting surface. However, the
great variation of reflectivities which were observed represents a serious
handicap. If it can be assumed that the reflectance of typical Martian surface
may vary from that observed for sandpaper to that of slate, the factor of four
in reflectance will require that the system must tolerate a significant margin
of uncertainty. For example, if the system is set to detect slate at a dis=-
tance of three inches with incident radiation normal to the surface, a sand-
paper surface at just under seven inches will trigger an emergency. Confound-
ing the problem is the effect of inclination between the light beam and the
surface, Figure 18. A slate surface inclined at 50 or 60° would approach the
payload surface more closely than three inches before detection.

Degpite these drawbacks, a payload protection system based on reflectance
proximity sensing may prove to be feasible particularly if the reflectance
coefficient range for martian surfaces is narrower than the example cited above.
The simplicity and reliability of the concept and the strong relationship be-
tween signal and distance argue in behalf of the concept. Complete details of
this study are provided in Reference 7.

TASK B, Terrain Sensing and Data Handling

The objective of this task is to design and construct the terrain sensing
devices and the associated data handling systems required to implement autonomous
roving.

B.1 Laser Transmitter/Receiver - D, Holly, S.G. Cairnms
Faculty Advisor - Prof. D. Gisser

The basis behind the terrain sensing system which was selected for im-
plementation is shown in Figure 19. The principle of triangulation is
employed to determine if terrain is situated within the zone of intersection
of a laser beam (transmitter) and a photodetector (receiver). The region of
uncertainty within which terrin could be assumed to be located if the re-
ceiver detects a reflection can be made larger or smaller depending on the
relative locations and orientations of the transmitter and receiver and on the
cone of vision of the detector. In principle, multinrle laser (or equivalent
scanning) and multiple detectors can be employed to gain as detailed as desired
knowledge of the terrain in front of the vehicle,
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For the objective of demonstration and evaluation of a minimal autonomous
roving system, this task was directed to the development of a one laser/one
detector system to implement Path Selection System 1 as defined under Task C.
The manner in which hazards are detected in PSS-1 is illustrated in Figure 20.
So long as the detector receives a signal, it is assumed that the terrain is
within the specified zone and involves no hazard. However, loss of signal
will indicate the existence of cither a positive or negative hazard. This
simple one laser/one detector_system cannot distinguish between positive or
negative hazards but only that the terrain is outside the zone considered safe.
There are special circumstances which-will give rise to a loss of signal which
will be interpreted as a hazard where In fact ncne exists, Figure 21.

The transmitter is designed to fit inside the mast to reduce the radius
of gyraticn, Figure 22, When the transmitter is mounted in the mast,the
laser points upward and the laser beam is deflected downward at the desired
elevation angle by a fixed mirror. A block diagram of the transmitter is pro-
vided in Figure 23. The laser which can be fired at a rate of about 700 times
per second is controlled by the Data Handler/Controller system described under
Task B.2.

The receiver design, Figure 24, overcomes the problem of spurious noise
being interpreted as a true signal by incorporating an amplitude discriminator
and a time discriminator., The amplitude discriminator senses the general
level of noise and automatically compensates to reduce the probability of inter-
preting noise as a true signal. The time discriminator is triggered by the
Data Handler/Controller to define a "window'" corresponding to the laser firings.
Thus the receiver is looking for a light pulse only during those short periods
of time when a pulse can be expected., The effectiveness of these systems is
demonstrated by tests in which the presence of negative hazards at the 2-3 meter
range was detected in bright sunlight. Complete details of the laser trans-
mitter and receiver are provided in References 8 and 9,

B.2 Data Handler/Controller - D.H. Holly and T.R. Geis
Faculty Advisor: Prof. D. Gisser

Central to the laser transmitter/detector systems described above is the
data handler/controller system, This system is responsible for controlling the
firing of the laser, controlling the time discriminator of the receiver and pro-
cessing the data prior to transmission of the data by telemetry to the computer.
The data handler/controller which was constructed can handle up to three laser
transmitters and five receivers. The lasers can be paired up with particular
receivers or they can be lumped together, The system can tell which laser is
associated with which receiver in any configuration which may be employed.

The reliability of the data output from the data handler/controller is
enhanced by two features. First, the time period during which the receiver
looks for a pulse is coordinated with the firing of the laser. Second,multiple
testing for each point is provided up to a maximum of six shots per laser. The
returns for each of these shots are summed up and compared with some pre-set
(controllable by the user) criterion to determine if the set of data constitute
a valid return. A block diagram of the data handler/controller is shown in
Figure 25. Since the firing rate of the laser which is being used is limited
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to 1000 pulses/sec, the data handler arranges to fire each laser at 1 msec
intervals. Thus with three lasers, a laser pulse would originate every 0.33
msec and all receivers would be timed accordingly. If the maximum repetition
of six pulses per- measurement is required with a single laser, the entire
process is completed in 6 msec (7 msec if three lasers and six pulses are
specified), during which time the motion of the mast (at two cycles/second)
would impose about a 10 cm arc at about 1 meter. Since Path Selection

System 1 is based on a 15 path direction concept, the data handler/controller
system makes use of the mast position_sZnsor in controlling the laser pulses.
Details of the data handler/contrcller_system are provided in Reference 8.

TASK C. Path Selection System Development and Evaluation - J.Krajewski
Faculty Advisor: Prof, D. K. Frederick

A path. selection system has been developed using a laser-sensor triangulia-
tion method described earlier under Task B.l. In simulation this sytem has
been able to detect and avoid both positive and negative obstacles in a noisy
environment. The method of using triangulation has developed into a more
sophisticated path selection system utilizing up to three laser-sensor pairs
and incorporating memory. Data obtained by the triangulation sensors and
vehicle attitude sensors is processed by a terrain modeler. The processed
information is then sent to the path selection algorithm, where a decision
concerning the vehicle's new path is made.

This system, simulated as described, has been able to handle terrains of
varying complexity, ranging from simple boulder-crater fields on horizontal
planes to rolling, boulder-crater covered hills. To traverse the more difficult
terrains, the three laser-three sensor configuration was required. The amount
of terrain information gathered by the simpler laser-sensor configurations was
insufficient to avoid interpreting relatively safe paths as impassable.

An alternate path selection scheme was also developed to determine if a
memory-less system would be feasible. Due to inherent drawbacks involved,
such as repeatedly encountering the same obstacle, this system proved unable
to negotiate even the most simple terrain.

Any path selection system can be broken down into three distinct subsystems:
The sensor, the terrain modeler, and the path selection algorithm. FEach has a
separate and vitally important function, The sensor employs some means of
gathering information about the terrain surrounding the vehicle. The terrain
modeler processes the raw terrain information coming from the sensors, separa-
ting obstacles from non-obstacles. The path selection algorithm processes this
"view'" and, possibly together with past ''views', makes a decision as to which
direction to proceed during the next time interval. The final output of the
entire path selection system,therefore, is a periodically updated heading angle.

Each of these subsystems, as they apply to the simulated system, are dis-
cussed more specifically below.

The sensor system utilizes a laser-sensor triangulation scheme to gather
terrain infurmation, Figure 25, The laser is mounted on a vehicle-fixed mast
and aimed downward such that the beam intersects the surface. A sensor con-
sisting of a photodetector with associated optics is placed at a lower position
on the mast and ''looks" somewhere along the laser beam at the same azimuthal
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angle. The sensor, having a sharply defined cone of vision, therefore samples
the line segment formed by the beam-cone intersection. If terrain is present
within this it will scatter the laser pulse and thus result in the sensor de-
tecting the beam, providing the path from the laser down to the terrain and
back to the sensor is clear. The basic operation of each laser-semsor pair,
then, is to detect the presencd or absence of terrain within a designated line
segment, the size and orientation of which is dependent upon the laser and
e#nsor heights, elevation angles, and the densor cone size.

The terrain modeler is a specialized data processor which provides the
logic necessary to combine the signals from the sensors into an array of 15
"sensed paths', each designated go or no-go. These paths are separated by
10 degrees in azimuth and form a cone 70 degrees to each side of the vehicle
centerline, Figure 26. The terrain modeler incorporates vehicle attitude in-
formation by deciding if the inpath and crosspath slopes are too great for con-
tinued travel in a certain specified direction. These attitude warnings are
necessary to prevent the vehicle from encountering hazardous situations which
the sensors may overlook.

The path selection algorithm accepts as inputs the 15 sensed paths,
designated go or no-go, from the terrain modeler. It then incorporates this
information into a 'world model' composed of previous obstacle encounters and
turns made. Using the present vehicle position (also an input) and the target
position stored in memory it first computes the optimal heading angle assuming
no obstacles were present. Next, the algorithm searches its world model for
the path closest to this heading from among 19 possible paths, which is not
designated no-go. If a path meeting the above requirement exists, its heading
angle is outputted. If a go path cannot be found, an emergency mode can be
invoked, allowing the vehicle to back up.

Paths may be designated no-go as a result of the memory structure in the
algorithm, This was deemed necessary for this system since the vehicle is two
meters long and the sensed region (as simulated) is i circular zone with a
maximum radius of 1.5 meters in front of the vehicle. 1In order to safely avoid
obstacles, a method of remembering their presence for a short time after they
pass from view is necessary, Also, since the vehicle cannot turn instantaneous=-
ly a turn memory is needed to allow the vehicle to straighten out before another
sharp turn in that direction can be made.

One final feature of the present path selection algorithm is the 'bump"
filter, This software constantly averages the previous two pitch readings of
the vehicle's attitude gyro and compares the latest reading to this value, If
the difference is greater than some preset threshold the scan is assumed invalid
due to excessive attitude noise (rubble) and is therefore ignored. This feature
becomes useful in the more advanced systems.

The above descriptions of the terrain modeler and the path selection
algorithm are applicable only for the system with memory. In the memory-less
system, the sensor subsystem remains essentially unchanged from the one laser-
one sensor configuration already discussed. The terrain modeler and the path
selection algorithm are necessarily different, however, in that memory can no
longer be used. The terrain modeler no longer utilizes attitude informationm,
and the go/no-go map it provides is constructed solely from sensor indicated
hazards. The path selection algorithm accepts the map from the modeling block

- ——



44,

and chooses the available path which lies closest to the optimum heading,
and which is indicated as being unblocked. One final difference to be noted
is that the available paths, from which the path selection algorithm chooses
a new path, are in no way dependent upon the scanning angles of the sensor.
The heading angles of the paths and the angles at which the sensor scans are
independently specified at the :beginning of each simulation. This allows a
somewhat greater degree of flexibility in the simulation procedure. More
explicit details of this system can be found in Reference 3.

The initial laser-sensor conflguration chosen for the path selection
system with memory was the most elementary, consisting of only one laser and
one sensor, It became apparent, however, *that successful traversal of non-flat
terrains required more data than was available from this simple system, An
evolutionary sequence of three laser-sensor configurations, all sampling the
same azimuth angles, finally resulted, referred to as systems A, B, and C, in
order of increasing complexity. For the memory-less system (system D), sub-
systems were not altered during simulation,

System A (1 laser - 1 sensor)

This sequence of tests employs boulder-crater fields with and without
attitude noise, and also sine wave terrain without attitude noise. The first
two runs (Figure 27) show that the single laser-sensor configuration can handle
a challenging boulder-crater field with and without random attitude distur-
bances, In both cases the system avoided all five obstacles encountered,

The path length without noise was 2.39 meters longer than straight line dis-
tance. The run with noise was even 0.7 meters shorter. In any case, System A
appears to handle most boulder-crater fields with little problem, even when
small rubble is present.

Only when rolling terrain is encountered does the performance of System A
deteriorate. The run in Figure 28 shows the vehicle on rolling terrain of
.25 meter amplitude and a 6.0 meter period., The vehicle initially started
moving uphill but soon lost sight of the terrain in front of it due to the
slope. This caused a sharp turn to be made, and since the vehicle continued
to interpret the terrain as an obstacle, a very long path length resulted., Two
backups occurred when all available paths were blocked by the system, Although
the simulation terminated after 36 meters of travel, the vehicle was making some
progress toward the target, It was at this point that the system began to
break down.

System B (2 laser -~ 1 sensor)

With the need for more terrain data an additional laser was added for
improvement in the system's performance. The first run of this system (Figure
29, path without noise) showed the system capable of reaching the target in a
shorter total distance than System A had been able to. When attitude noise was
added, the system became confused and six backups occurred, resulting in an
aitomatic termination of the run, (Figure 29, noisy path).

System C (3 laser - 3 sensor)

This system demonstrates a dramatic improvement over the two previous
systems. In Figure 30 the terrain is .25 meter amplitude, 6 meter period sine



1)
2)

3)

1)

1)

2)

3)

1)

45.

TABLE I. Test Terrains in the Order of Their Evaluation

System A (1 laser~1 sensor)

Boulder -~ Crater field without attitude noise. (Figure 27)

Boulder -~ Crater field wigh 10 degree attitude
noise, (Figure 27) .

Sine wave based terrain, with 0.25 meter
amplitude and 6.0 meter period; no attitude noise,
(Figure 28)

System B (2 lasers ~ 1 sensor)
Sino wave based terrain with 0.25 meter amplitude,
6.0 meter period, and no attitude noise, (Figure 29)

Sine wave bosed terrain, 0.25 meter amplitude, 6.0
meter period, and 10 degree attitude noise, (Figure.29)

System C (3 lasers=3 sensors)
Sine wave tased terrain, 0,25 meter amplitude, 6.0 meter
period, and 10 degree attitude noise, (Figure 30)

Boulder - Crater field on Sine wave based terraln of 0,25
meter amplitude, 6,0 meter period, and 10 degree
attitude noise, (Figure 31)

Boulder = Crater field on Sine wave based terrain of 0,3
meter amplitude, 6.0 meter period, and 10 degree
attitude noise. (Figure 32)

System D (memory - less)

Boulder - Crater field with no attituds anoise. (Figure 33)

r
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System B (2 lasers =1 sensor) encounter with rolling, sine wave
- based terrain of 0.25 meter amplitude and 6.0 meter period; with
.. and without 10 degree attitude noise. Dashed line marks the
deviation in path caused by noise addition.
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wave terrain with 10 degree attitude noise. The extra data made available by
the additional sensed regions allowed the vehicle to distinguish the terrain

as safe. The next terrain (Figure 31) shows the previous sine wave based
terrain with the .boulder-crater field of the system A tests superimposed.

System C came surprisingly close to the duplication of the System A performance.
Room for improvement is still ‘quite apparent as Figure 32 shows. The terrain
in this case was the same as in the last run except for the amplitude of the
sine wave base being increased to .3 meters., Both Systems A and B have been
tested on this terrain, and both have failed to traverse it. System C was

able to do so, as long as the noise was absent. Addition of 10 degree attitude
noise resulted in a completely confused syst-<nu.

System D (memory-less)

The shortcomings of this type system are aptly illustrated in Figure 33.
One sees the vehicle repeatedly encountering the same obstacle until finally
working itself clear in a rather awkward manner. The situation reoccurs when
the next obstacle is met. The problem seems to arise because of the backup
maneuver. The system has no means to recall the extent of the obstacle pre-
viously encountered, and can therefore easily .cun intc .he same hazard again.
Unfortunately, this characteristic seems to be indigenous to memory-less systems,
and therefore this system is unsatisfactory,

The analysis of the short range laser-sensor triangulation system with
memory indicates very good performance on most boulder-crater fields with flat
bas d terrain, even when random attitude changes are present. This conclusion
holds for the simplest system considered as well as the more complex. Rolling
terrain appears to present severe problems particularly when the fundamental
period is a small multiple of the vehicle's wheelbase. Long period rolling
terrain causes no such degradation of performance. When random efects are in-
c¢luded with the short period rolling terrain the difficulties are greatly
magnified, Due to the relatively poor performance of the single laser-single
sensor scheme, improvement was necessary.

Such improvement came in the form of increased system complexity. First,
only one additional laser was employed, but eventually an expansion to three
lasers and three sensors was deemed necessary to produce respectable perform-
ance on short period, rolling terrain,

Even the three laser-three sensor system encountered difficulties however.
When the random attitude noise was included a grecat deal of wandering resulted.
To minimize this problem, attitude information was taken into account. With
: wowledge of the vehicle's mean attitude and present instantaneous attitude,

a decision could be made concerning the probable validity of the latest sensor
readings. If the sensor was deemed invalid it could be corrected or, more
simply, ignored., This technique did reduce false danger readings markedly
without seriously impairing the data density, when applied only to inpath slopes.

The system designed without memory suffered due to its inability to remember
the location of the obstacle which had been encountered. For this reason it
tended to re-collide with the same obstacle several times in a row.

To further increase the performance ~f the short range laser-sensor
triangulation system, several improvements are in order. More lasers and
sengors should be employed, and various methods of logically combining their
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outputs to produce added terrain information be investigated. Additionally,
vehicle attitude information should be taken into account and more sophisti-
cated pattern recognition done,

Continuing efforts are underway to update the computer simulation
package. This revision includes improved documentation and also a more
realistic approach to the vehicle's dynamics. With these further improve-
ments, the software package will become more efficient and provide a more
factual simulation of the roving vehicle. Additional aspects of path selec-
tion systems based on these concepts -are provided in References 3 and 10. A
reprint of Reference 10 is providéd irn Appendix A,

TASK D, Advanced Terrain Sensing-Hazard Detection Concepts - K.L. Leung
Faculty Advisor: Prof. C. N, Shen

One major effort in this area has been devoted to the detection of discrete
hazards such as boulders or craters using range pointing angle data as might be
gathered by a laser rangefinder. Reference 11 describes in detail of edge
enhancement using a method termed as the Rapid Estimation Scheme in conjunction
with a Kalman filter., This task had as its goal implementation of this method
on the Varian/620i IDIIOM Interactive Graphics Computer System. The intent of
this simulation is to provide investigators with increased capabilities in
their efforts to develop effective hazard detection concepts. The rapid esti-
mation scheme has been shown to be reliable in identifying the edges of positive
and negative hazards provided that a sufficient data density is obtained. How-
ever, data requirements can be quite large depending on the sector covered and
processing time can be substantial. Future efforts are planned to determine
the extent to which the data requirements can be relaxed. This simulation
which has been implemented on the graphics terminal gives the investigator a
powerful weapon with which to approach this goal. Additional details of the
rapid estimation scheme are provided in Reference 12, Reference 13, a reprint
of which is included in Appendix A, describes the interactive graphics simula-
tion in more detail.
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THE MILWAUKEE SYMPOSIUM ON AUTOMATIC COMPUTATION AND CONTROL

GUIDANCE AND CONTROL OF AN AUTONOMOUS ROVER FOR PLANETARY EXPLORATION

.

S. Yerazunis, D. K. Frederick and J, Krajewski

Rensselaet Polytechnic Institute
Troy, Wew York

A four-wheeled vehicle capable of deal-
ing with irregular terrain features such as
might be encountered in unmanned exploration
of extraterrestrial bodies has been designed,
constructed and tested. Its mobility and
maneuverability are such that applications
on earth requiring autonomous control may be
served by it or a suitable variation., It
could also serve as a test bed for arti-
ficial intelligence/robotics research, Al-
ternative concepts for terrain sensing and
modeling, and path selection algorithms have
been investigated, A triangulation-~based
laser/photodetector path selection system
developed by simulation is found to be able
to deal with a broad range of terrain fea-
tures. The path selection system is now in
the process of construction and implementa-
tion and will permit field evaluation of the
overall vehicle system as an autonomous
rover.

INTRODUCTION

The very long term interests of man re-
quire that a thorough exploration of the
planets of the solar system, their moons and
the asteroids be undertaken eventually. Al-
though it is likely that man himself will
visit or establish himself ultimately on some
of these extraterrestrial bodies, economic and
technological considerations suggest that un-
manned systems must be used during the shorter
run.

Considerable knowledge of Mars, Venus,
Mercury and Jupiter has been gained by fly-by
or orbiter missions and more advanced remote
sensor concepts will contribute further to
man's understanding of the solar system, How-
ever, basic understanding of the chemical,
biological, geological, meteorological and
physical characteristics of extraterrestrial
bodies requires surface exploration. The
current Viking missions are intended to meet
some of these requirements for the planet
Mars.

Despite the historic implications of the
Mars Viking program, Viking-type missions are
severely limited in scope because of the

3~ restricted sampling range of its ten foot boom

with a 120° arc, Thus only a minute fraction of
the martian surface will have been scrutinized
and a larger but still very small fraction as
limited by line of sight will be examined visual-
ly. A more thorough exploration is not likely to
be effected by increasing the number of such
stationary landers because of the large number
which would be required and the problem of se-
lecting and reaching precise landing sites where
critical measurements can be made. A method for
exploring the planet in question in detail and to
do so adaptively on the basis of the knowledge
being gained 1is essential,

The scenario for planetary exploration could
involve either a stationary lander containing
sophisticated and adaptable instrumentation
for in-situ analysis or a sample return vehicle.
In either case, the scenario must involve sample
and/or data gathering devices capable of being
relocated over much of the planetary surface, and
in the case of sample gathering devices, capable
of returning to the lander site. In order that
such missions can be executed in a reasonable
time of the order of several months to perhaps a
year, such sample or data gathering devices must
have a high level of both mobility and automa-
tism,

The mobility requirements as expressed in
terms of characteristics such as the maximum
slope which can be climbed or descended, the
maximum boulder which can be negotiated without
avoidance, the ability to transverse depressions
and very rough terrains, etc., has a direct bear-
ing on the aveilability of paths to the desired
sites. A vehicle of limited mobility may require
an inordinate length of time and distance travel-
led to reach the target. Indeed, in some circum-
stances, the vehicle may not be able to reach the
target. As the vehicle's mobility i< increased,
it will be able to deal effectively with in-
creasingly difficult terrains. More paths to
target will be available and the opportunity for
selecting more optimal paths will be increased.
Thus, one major research objective should be
aimed at developing and evaluating alternative
concepts of relocatable devices capable of serv-
ing a stationary lander or sample return mission.

Of equal importance to advanced exploratio~
missions is the level of automatism which caa bz
achieved, The decision rfor the vehicle to
follow one path or another towards its destina-
tion must be provided by some path selection
system comprised of appropriate terrain data
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sensors, terrain modeler and path selection
algorithm, The character and capabilities of
such a system must be appropriate to the objec-
tives of the mission. A low level path selection
system will have to be biased conservatively to
minimize the risk of an unperceived hazard in the
vehicle's path. Thus many, perhaps all, accept-
able paths towards the target may be excluded.
The effect of a low level detection system is,
in fact, to reduce the vehicle's mobility. As a
minimunm, the path taken towards the destination
will be lengthier and the range of the explora-
tion will be reduced, In the other extreme, the
vehicle may become immobilized. On the other
hand, a higher level, more sensitive, more per-
ceptive path selection system will identify a
larger fraction of the passable paths and will
permit selection of those directions most com=
patible with the mission goals., Thus a second
ma jor research objective is the development of
efficient path selection systems for the safe
relocation of a rover.

The research program(‘) aimed at these two
ma jor objectives i{s applicable not only to
extraterrestrial exploration but to robotics ap-
plications on earth where hostile environments
and special circumstances may exclude either di-
rect or remote manual control. The major
emphasis of this paper is on the rover and the
path selection system selected for immediate im-
plementation.

THE RENSSELAER ROVER

By virtue of its design the vehicle has a
very high mobility and maneuverability, Ref, 1
and 2, In its deployed state, Figure 1, it has
a stable stance allowing it to traverse very
irregular terrain. The configuration of the
struts serving the individually-driven wheels
permits this vehicle to be collapsed into a com-
pact space, Figure 2, from which it can be de-
ployed automatically, The struts, which are
driven separately by torsion bars, can be used
to raise or lower the payload compartment as re-
quired and to orient it fore-and-aft with res-
pect to the horizontal. The front wheel wagon
steering insures that all four wheels will be in
contact with the terrain for all but the most
severe surface irregularities. It also permits
a sharp turning radius such that in the extreme
case, the vehicle can turn about a center through
the rear wheel axles. The vehicle i{s able to
deal effectively with a broad range of slope
situations and discrete obstacles.

Perhaps the most outstanding feature of the
design is that this vehicle can recover from the
situation in which both front wheels fall over
the edge of & crevasse or a deep crater. For all
other vehicles which have been proposed, such an
event would be catastropic and would terminate
the missfion. That is not so with this concept.

(1) Faculty participating in the overall re-
search program are: Profs, D.K. Frederick,

D, Gisser, G.N. Sandor, C.N., Shen and S Yera~-
zunis,

\h\ v e #]1

Because of the unequal lengths of the front and
rear struts and the torsion bar system, the front
and rear wheel assemblies can be reversed and the
vehicle can withdraw safely from the hazard. This
same maneuver can be used to extricate the vehicle
from a '"box canyon' or equivalent terrain feature
in which there is insufficient room for the vehicle
to turn itself around and from which it may not be
able to back out, Previously proposed vehicles

. would also fail in this instance,.

The vehicle has been refined to the point
where it can serve as an exceptional test bed for
the evaluation of alternative path selection sys-
tems. In this sense {t is a valuable asset for

“exploring artificial intelligence or robotic as-

pects related to a machine seeking an acceptable
path to a prescribed destination, an objective not
necessarily restricted to extraterrestrial ex-
ploration,

In addition to the mechanical and propulsion
systems, the rover is equipped with electronic
four~-wheel speed controls to permit effective
steering, attitude and heading gyroscopes, posi-
tion sengsors for all major strut components, and
a twoeway telemetry link to an off-board mini-
computer to provide the necessary vehicle data
for guidance and control. All that remains is the
implementation of the hardware and software re-
quired for an operating path selection system.

PATH SELECTION SYSTEM SIMULATION

The path selection system required to guide
an autonomous vehicle must include: terrain
sensor or sensors hardware, procedures for inter=-
preting the data, and an algorithm for selecting
safe paths on the basis of the data. The best
combination of hardware and software will depend
on the details of the mission and the dynamical
and mobility characteristics of the vehicle or
robot. An optimization of these requirements
through an iterative process of constructing and
evaluating specific hardware and software will be
inordinately expensive and tedious and is not
likely to be optimal. A digital computer simula-
tion has been developed which can be used to
screen all conceivable systems, Ref. 3 and 4. The
simulation can ''create' a very broad spectrum of
terrains possessing such large and small scale
details as desired. The pitching, heaving and
rolling of the vehicle can be simulated and their
effect on the terrain sensor data can be evalua-
ted, The terrain sensor can be simulated to re-
flect both the error due to the motion of the
sensor as a result of vehicular dvnamics and the
inherent sensor measurement errors, Proposed
terrain modelers and path selection algorithms can
be anaiyzed, evaluated and modified. When these
considerations are taken all together, a first but
meaningful apprairal of the strengths and weak-
nesses of proposed hirdware systems can 'e obtain-
ed, 1Its application to a specific path selection
system is described later in this paper,

ALTERIATIVE TERRAIN DATA GATHERING CONCEPTS

Efforts in developing alternatives for the
gathering of terrain data have been focused on:

B -
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(a) & range~pointing angle concept and (b) a tri-
angulation concept.

An in-depth study of the use of range-angle
pointing data for terrain modeling and hazard de-
tection has been on-going for several years. Ihis
phase, which has resulted in numerous publications,
Ref, 5, 6, 7, 8, 9, 10, has focused on ths mide
range problem from 3-30 meters. Methods have heen
developed for interpreting these data to obtain
estimates of the terrain gradients and to detect
discrete objects whose contours deviate from the
main terrain. Edge detection and edge enhancament..
techniques have been developed which provide com-
plete outlines of boulders, ridges, craters and
crevasses provided that a sufficiently high data
density {s available, Current efforts are concen-
trating on the problem of reducing the data re-
quirements without sacrificing the effectiveness
of the interpretation. These studies are con-
cerned with the data density in both time and
space and to the implications of inherent sensor
crrors and errors due to the motion of the sensor
as a consequence of vehicular dynamics.

As an alternative, a short range (1-3 meter)
system based on triangulation has also been in-
vestigated. Indeed the latter system has been
selected for implementation on the Rensselaer
Rover, The concept is illustrated in Figure 3
in which are shown a laser beam along one point-
ing angle and a photodetector along a second
pointing angle. The existence of a reflecting
surface, i,e., terrain within the zone of inter=
section, will be sensed by the photodetector. In
principle, any number of lasers and photodetect-
ors can be deployed to obtain terrain surface
deta to any desired density and discreteness.
This information can then be used as the basis for
modeling the terrain and making path selection
decisions.

From a terrain modeling point of view, the
range-pointing angle and triangulation concepts
are equivalent. That is, both concepts provide
the same type of data in that the terrain surface
i{s concluded to lie along a line segment of some
length and angular orientation. However, the two
concepts involve different technical obstacles in
their {mplementation. The uncertainty of locating
the terrain surface along the line segment using
the range-pointing angle concept is determined by
the ability of fnstrumentation to measure time-of-
flight with possibly weak return signals and in
the presence of undesired reflections, As one's
objective in hazard detection focuses more on the
short-range aspect, the time~of-flight measure-
ment becomes increasingly difficult due to the
need to measure extremely short time intervals.

On the other hand, the uncertainty related with
terrain location by tria.gulation is controlled
by the geometrical relationship of the laser and
the detector and the cone-of-vision of the latter.
By using overlapping detectors and by scanning
with a high frequency laser, the uncertainty can
be made extremely small for the short range., How-
ever, the triangulation system begins to suffer
inherent and significant uncertainty ir long
rang~ applications. Thus, hardware systems based
on range-pointing angle data look more attractive
at longer ranges whereas the triangulation con-
cept is far more favorable at short range.

Given the objective of demonstrating a mini-
mal level of autonomous roving capability, it was
concluded that a path selection system based on
the triangulation concept would be implemented.

THE PROPOSED PATH SELECTION SYSTEM

As noted earlier, a path selection system
consists of a sensor(s) to gather the data, a
terrain modeler to process the data into a proper
form, and a path selection algorithm to employ the
mode led results with the objective of defining
guidance commands. The path selection system
which has been chosen for hardware and software
implementation consists of two lasers scanned
Tazimuthally along fifteen positions equally spaced
at 10° to provide a 140° field of view. One
photodetector possessing » 9.6° cone of visfon
will also be scanned over the same azimuthal
angles, The two lasers will be located at a height
of 1,5 meters at elevation angles of 43° and 46°
whercas the photodetector at the 0,75 meter height
will have an elevation angle of 62°, Figure 3.
These initial design parameters are specified on
the basis of the simulation studies completed to
date, The mast on which the lasers and the photo-
detector are to be mounted has been constructed to
provide up to 6 azimuthal 140° sweeps per second,
The instrumentation mounting arrangements are such
that the lasers can be scanned in elevation as
well as azimuth and that additional photodetectors
can be added as desired., Finally, the mast con-
figuration will allow for significant adjustment
of the geometric parameters so that the research-
ers will have considerable flexibility in studying
more sophistricated triangulation-based alterna-
tives.

Central to the task of demonstrating and
evaluating this concept during the late spring of
this year has been the path selection system
simulation effort. It has fallen on this group to
screen a number of design concepts and to synthe-
size & specific alternative satisfying the basic
requirement that the rover will not pursue a path
which will abort the mission and that {f a safe
path to the specified target exists the rover will
eventually detect {t, Although the long-term ob-
jectives call for a high degree of discrimination
on the part of the system to minimize the misin-
terpretation of safe alternatives as hazardous,
the studies completed to date have defined a mini-
mum but feasible system,

The path selection system simulation, Ref. 4,
has the capability of simulating the performance
of a broad range of surface rover concepts, alter-
native data gathering concepts, data processors
i.e. (terrain modelers) and path selection algo-
rithms on a terrain selected by the user. The
terrain can have large scale features as well as
fine detail. Inherent sensors errors can be
simylated along with those sensors errors due to
the dynamic motion of the rover as it moves over
highly irregular terrain and rubble. Thus, the
simylation affords the users the opportunity to
appraise alternative hardware and software con-
cepts convenfently,

In the case at hand, the simulation was used

to develop the design parameters specified above.
The anticipated behavior of the selected system

———— 2 -
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is shown on Figures 4 through 8. Note that the
design parameters are set to detect a positive
hazard (boulder or step) or negative hazard
(crater or trench) in excess of approximately

+ 12" from the plane defined by the attitudinal
status of the vehicle, With the single detegctor,
this requirement {s equivalent to setting the
maximum gradient to + 12°, Parenthetically, it
might be noted that the 12° gradient is far lower
than the actual slope climbing capability of the
Rensselaer Rover. Thus this system will rule out
potentially passable paths because of its in-
ability to discriminate between slopes and dis-
crete obstacles. -

Shown in Figure 4 are the results of three
simulations as applied to a boulder~-crater field
superimposed on a flat base using the single
laser-single detector concept described earlier
assuming the absence of noise due either to in-
herent sensor limitations or the pitch or roll
vehicle motions, The proposed path selection
system is found to be quite effective in dealing
with this problem. Also shown in Figure 4 is a
simulation of this system with vehicle motion
noise effects equivalent to fluctuations of + 5
in pitch and + 10° in roll at the contact points
of the wheels. At these noise levels, the path
selection was unaffected,

The noise parameter referred to above is
intended to account for the vehicle motion caused
by terrain features which are too small to model
on an individual basis. Random fluctuatiouns in
the pitch and roll angles are generated and then
added to the vehicle's attitude as determined by
the slope of the deterministic terrain under the
vehicle. These random fluctuations are computed
by entering a sequence of uniformly distributed
random numbers into a second-order low-pass
digital filter whose damping ratio and undamped
natural frequency are representative of the
vehicle's dominant mode. The purpose of the
filter is to simulate the smoothing effect of
the vehicle's suspension system., Roll and pitch
are treated separately, with different random
sequences, For example, using an unfiltered
random sequence uniformly distributed over #+ 10
degrees resulted in filtered angles having a
standard deviation of + 3,74 degrees and ex-
treme values of + 9.0 in the pitch direction,
Hence, the excursions in the attitude of the
mast and laser-detector combination are some-
what less than the unfiltered fluctuations which
are assumed to exist at the wheel contact points.
The standard deviation and the extreme values for
other levels of vehicle dynamic noise would be
proportional to these for 10 degrees.

Also showm {n Figure 4 are simulations in-
volving the two-laser system scheduled for {mple~
mentation with noise levels of 10° and 15° in
both pitch and roll, The performance of the
system continues to be effective despite the high
noise levels. However, {t {s clear that as the
noise level due to vehicular dynamics and terrain
irregularities {s {ncreased, a point will be
reached eventually at which the effectiveness of
the path selectjon system will be degraded. This
question has not been fully explored yet because
as will be described below noise effects are far
more significant in terrain situations involving
surface undulations than on flat base terrains.
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Shown in Figure 5 are simulations involving

a terrain described by sinusoidal functions. It
should be noted that for a sinusoidal terrain of
6 meter period and 0.20 meter amplitude in the
absence of noise that the path selection system
is able to direct the vehicle in a straight line
fashion between the initial point and the target
destination, However, an increase o. the
amplitude to 0.3 meter forces the one laser
hazard detection system to depart significantly

- from the straight line path and to meander to-
ward the target, Although the target is reached
eventually a considerably larger distance travel-
ed 1is {nvolved. The path selection system can be
improved by adding & second laser at an incre-

~mental elevation of 3°. This modification has
the effect of providing additional information
which allows the path selection system to take a
somevhat more direct route toward the target,
However neither system can achieve a direct route
for an amplitude of this magnitude. Increasing
the amplicude to 0.33 meters while retaining the
period at 6 meters, causes both the one and two~
laser systems to prescribe an even more tortuous
path., At an amplitude 0.4 meters, the system is
unable to contend with the situations and fails
to make progress towards the target. The simu-
lations shown in Figure 5 highlight a major weak-
ness in this simple hazard detection system,
namely, its inability to distinguish between a
slope anda discrete obstacle. The rover found
itself obliged to turn from the direct path at
critical points where the sensor was detecting
the existence of a moderate slope in excess of
the 12° limit imposed bv the assumed sensor sys-
tem. It had to take on a direction such that
the gradient to be encountered would be within
the specified tolerance limits. This is not
necessarily a fatal flow since the rover was
able to select a trajectory either up or down hill
which would be satisfactory, But it did so at the
penalty of taking an unnecessarily long trajectory.

The consequences of dynmamic noise are far
more significant with respect to rolling terrain
situations than in the case of the flat terrain on
which a variety of boulder and crater obstacles
are superimposed. This behavior is shown {n Fig-
ure 6 in which the oneelaser and the two-laser
systems are tested in a .3 meter amplitude, 6
meter priod sinusoidal terrain with noise due to
vehicle dynamics equivalent to 10° {n pitch and
10° {n roll. In order to compare the two altere
natives, the same seed was used to generate the
random numbers which serve as the basis for cal-
culating the noise, Thus, both systems were
tested against the same exact sequence of dyna-
mical ‘wotion, Both simulations failed to the ex-
tent that ext:ieme meandering and confusion is
observed. It cannot be concluded that the target
would not have been reached ultimately because the
simulations were automatically terminated on the
basis of a time constraint. However, what {s
important to note in this comparison is that the
two-laser system had no observable superiority
over the one laser system in the case of this
rolling terrain at this level of dynamical noise.
Also shown on Figure 6 is the performance of the
two laser system with vehicle dynamics noise re-
duced to 5° {n pitch. Although a meandering path
wvas followed, the system would ultimately lead the
rover to the target.

s
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Shown {n Figure 7 are the results of three
simulations all {nvolving a rolling terrain des-
cribed by a .25 meter amplitude, 6 meter period
sinusoidal surface, Two of the simulations com-
pace the effectiveness with which the one~ and
two-laser systems could deal with this rolling
terrain situation in the presence of 10° pitch,
10° roll dynamical motion. Neither simulation
proved to be particularly effective although the
failure to reach the target is again a consequence
of terminating the simulation rather than a funda-
mental inability to achieve the target ultimasely.--
Nevertheless, in the case of this level of dyna-
mical noise it is clear that the path selection
system is forcing the rover into very substantial
meandering and is therefore not considered effec-
tive for both the one- and two-laser systems al-
though the latter appears stronger. However, the
third simulation involving dynamical noise levels
of only 5° in pitch but with the 10° roll retain-
ed ghowed that the two-laser system was able to
take a relatively direct route from the starting
point to the final destination, This suggests
therefore that in the design of an autonomous
rover a significant impact on the effectiveness of
hazard detection and path selection systems can be
obtained by careful vehicular design which mini-
mizes the effect of dynamical noise upon the sens-
ing devices. Another way of looking at the
significance of these simulations is to note that
it is the sum of the gradients representative of
the physical terrain situation and of the noise
effects which determine how well the path selec-
tion system will perform for a given vehicle. On
the basis of the data at hand, it can be concluded
that even with a 10° pitch noise due to dynamical
motion that there would be some rolling terrain

either with reduced amplitude and/or increased
period wnich could be handled effectively by this

system, In effect, the consequences of the noise
associated with the dynamical motion is to reduce
the mobility of the vehicle by applyins a bias
required to offset the impact of noise,

Summari{zed in Figure 8 are the results of
three simulations in the absence of vehicle dyna-
mics noise in which the bSoulder/crater field is
superimposed on the sinusoidal rolling terrain,
The combined terrain features are seen to pose a
more serious problem than for elther case sepa-
rately. Case 1 involving the vehicle origin in
the upper right hand corner found the vehicle get-
ting itself into an awkward position {n which a
considerable amount of maneuvering was required
before a good trajectory toward the tarp~t could
be defined. The discontinuities in patl. which are
shown are a consequence of the simulation program
which applies when the vehicle finds itself in an
impossible situation, The algorithm calls for the
vehicle to back up 1 meter, As far as the simula-
tion is concerned this backup i{s instantaneous and
discontinuous. Case 2 i{nvolving an initiatiom
point in the upper left hand corner for s twne
laser system proceeded rather well to the target
whereas the corresponding path for the on:-laser
system encountered difficulty near the target
and a coisiderable meandering before reaching the
target. Also shown for comparison in Figure 8 is
the path selection process for the boulder/crater
field on a flat plane., It can be seen that the
effcct of the rolling terrain {s to deny to the
vehicle the most direct route tc the target.
However, the final simulation shown involving a
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80 {n pitch and 10° {n roll vehicle dynamics
noise closely parallels the path of the noiseless
flat terrain case. It would appear that in this
case, the noise led to a fortuitous selection of
path.

Other simulation: not reported herein have
been conducted which suggest ways in which the
system could be modified to dcal more effectively
efther with the discrete obstacle such as bould-
ers, craters, trenches ot with slope character-
istics, The tendency to {nterpret passable slopes
as impassable can be reduced increasing the comne
of vision of the detector, However, the effect of
«&his action is to increase the size of the posi-
tive or negative discrete hazard to be interpreted
as passable. A decrease in the cone of vision of
the detector will permit smaller discrete ob-
stacles to be detected but at the penalty of de-
fining lower acceptable slope thresholds. The
desiin parameters which have been selected as of
thi. date represent what is believed to be the
best compromise for the purpose of demonstrating
and evaluating this kind of a system in hardware,

As noted earlier, the problem of noise due
to vehicle dynamics has the effect of bilausing the
path selection decisions conservatively, The
pitching or rolling motion of the vehicle provides
false information which {s interpreted as a
vehicle hazard., It is also possible for the
dynamical noise to give a false indication that a
hazard i{s not present even though it really {is.
The latter does not prove to be significant be-
cause subsequent scans will disclose the exist-
ence of a real hazard, even though it may be
overlooked on an individual scan. The reverse is
not true; when a path is deemed to be blocked be-
cause of the dynamical noise, the path selection
algorithm treats it as being blocked and not only
directs the vehicle otherwise but retains in its
memory that that path is blocked., Consideration
is being given to incorporating memory into the
terrain modeler and path selection algorithm so
as to reduce the false identification of hazarde
ous paths. Such a system should provide a basis
for alleviating the type of erratic behavior
shown {n Figures 6 and 7.

The present path selection system has one
additional major fault to which attention {s be-
ing directed, Specifically, past researchers,
Reference 11, have shown that a particular
terrain feature may or may not be a hazard de-
pending upon the main terrain characteristics on
which the feature is located. Thus in the ulti-
mate, it will be necessarv to relate the state of
the terrain, as defined by the attitude informa-
tion proviied by the sctitude gyroscope mounted
on the vehicle to the data being provided by the
hazard detection sen.ors, One possible solution
18 to implement a higher level triangulation-
based system which {molves elevation as well as
azimuthal scanning of the laser and an increased
number of detectors with smaller cones or zones
of vision, The effect of this type of a system
i{s of course to decrease the coarseness of the
{nformation. Provided that a sufficiently fine
mesh {s obtsined, pattern recognition techniques
can be used to obtain a much more detailed and
{informative impression of the nature of the
terrain in the path of the vehicle., The {nforma-
tion gained in such a system could be tied to the
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vehicle attitude data through appropriate mathe-
matical relationships to provide a more sound
decision as to whether the terrain feature is or
is not a hazard for the vehicle's particular
state, .
Alternatively, one could consider uging the
basic system described herein but replicating it
in sufficient number so that only one of the sys-
tems would be operational at a given t'me depend-
ing upon the vehicle's attitude. Thu: ne might
have a multi-unit system of the type described
herein with the central unit applying to all
situations in which the vehicle's attitude is not
far removed from horizontal, with the {mmediately
adjacent two units applying when the vehicle's
attitude {s slightly upwardly or downwardly in-
clined, and with additional adjacent units apply-
ing at greater and grester attitudinal deviations
from hor{zontal. The number of such units world
depend on the need for refined terrain information.

Consideration is being given to other sys-
tems of intermediate complexity, namely, five 9°
detectors overlappcd as tv produce nine discrete
signals in combination with from three to five
lasers heing scanned azimuthally but with each
laser at a very specific elevation, Such an
intermediate system can be lii'plemented in hard-
ware and software ralatively easily and have the
advantage of providing s2nough added information
to give the path selection algorithm a more re-
liable basis for decision making.

As of this writing, the research program to
produce the required hardware, (i.e. lasers,
photodetectors, scanning mast, ety,) and to
program the software in a IDIIOM Graphics-Varian
Computer, which i{s to serve as the data processor,
are proceeding vigorously. The rover {tself and
its on~board contrsl systems and actuators are
operational along with the telemetry systems re-
quired to transmit data from the vehicle to the
computer and vice versa. It i{s anticipated that
all systems will be active in the neighborhood of
April 1, and that laboratory and field research
will be undertaken shortly thereaftcr.

CONCLUS IONS

1. A path selection 1ystem based on a two-laser’/
one-detector terrain sensor can be effective
in guiding sn autonomous rover over terrains
whose general slopes are less than + 12° and
on which are distribuled discrete hazards
larger than + 12 inches in the presence of
vehicle dynamics noise of the order of + 5°
in pitch and + 10° in roll.

2. The performance of such a system can be in-
creased provided that the stsite (i.e. the
attitude) of the vehicle {s taken i{nto
account in the interpretation of the sensed
terrain data and that additional attitude
dependent sensor units are added.

3. Terrain sensors based on triangulation
provide # basis for developing short-range
path selection aystems capable of dealing
with very complex terrain situations.
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Pigure 6. Path Selection Simulation for a Sinusoidal Terrain 0,3 Meter Amplitude and 6.0 Meter
Period in the Presence of Vehicle Dynamics Noise
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Figure 7. Path Select on Simulation for a Sinvsoidal Terrain of .25 Meter Amplitude and 6,0 Meter
Period in the Presence of Vehicle Dynamics Noise
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ASSTRACT

Simulation for detection of cbstacles cn Merties
Terrain is achieved by a rapid estimgticn scheme on
Verian Data 620/i computer with IDIION display.
Sufficient inforration can be obteined to recogni:ze
the near end far edgec of pyranids, hemischerical
craters cor boulders, and the corbination thereo?,

INTRODUCTICH
An avtoncmeus roving v? 5 le is to te sent to Mars

for future explcration + A laser rengefinder
heving an aszouracy of % 10 centimeters, will scan

2n area ahead of the rover., An obstacle detesticn
scheme will thereforc be needed to process these
range data %o obtain corplete cutlines of distines
oblects.

Cne detecticn scheme 4hat hes teen d-ve’o* d by
Reed, Sanyal gnd Shenfzf rakes use cf the four-
dizectional Laplacian method., This scheme works

wvell in detecting top edge of a bdoulder 2nd near
edge of & crater but i fails to detect the totiznm
edge of a boulder and the far eige of a crater.
The scheze can only detect large jumps in ranges,
but not large Juzps in slopes.
The above scherme wes simulated cn Toth
67 ccmputer and she Varien I r
Sher end Snen(3]. on vesh c""?u»ers, Ye ranz
data were gerersted ty a searching schere
Geussian noise was added %o ire ranre Zata
ulate the actual range. In 4the simulation wiih <he
Varian Data corputer, an *DIIO” grarghic cathod-ray
tube was emplcyred to distiay “he paraveters, <he
topview zcle layout and she results fer
edge imsce., A light pen was alsc used by the crer-
tor to interrupt :h display end 40 change the
parareters,

{ ctst

Another ctstacle

R. V. Sonalzar and C. "f Shen
. 1

5

detestion schene was develored v

L] which uses a

in conjunceicn

imulatiocn on the IZM

here was shewn tO work
ccrplete edges cof

Rapid Zstiraticn Scheme
with Kelman Filser, o
360/67 computer, th
exsrerely well -n d

3]

[ =l

* Research szensored by NASA Crant, SG-T1E

## Frofessor-Zleatrical L Systenms Ingineering

toulders, craters, ané sther ctstacles.
QBJECTIVE
The objective is to evaluate the perforrmance zf the
cbstacle detection scheme cn a minicerputer. Tais
peper simulates the Scnelkar-Shen Cbstacle Detest-
ion Schere on the Varian Data 627/i corputer, max-
ing use of Sher and Shen's display subrsutines for
paremeter, tcpview, and edge imagse displays.
Tne reeson for this sirmulation is two=fold., Firet-
17, this enables eesy perameter changing with lighat
pen and teletyre. Topviews of otstacles and the
resultins edge imagmes can te seen angd the &iffer-
ences ovservei. The cperztor will then change the
arameters acccoriingly end rereat the sinmulation.
This meens that the simulesticn san be done adazi-

ively.

Secondiy, the possibility of Iimpiementin
scheme cn a small ccrmputer sush as <he
nust be ascerteined

-1
‘
B3 3 e § B
=1 =2 =
R I S
=-1,1 m-1,2 o-l,n
. . . . . . . . » . . . . .
Tier
2= i*"d
P T R R T T .'" P T T T S
-
P P
g 1=1,
B I P I s (1)

where T, ls the renge 3ata fcr the terrain, the
-
lengsh of the _eser Tesm from the ground, The in-
dices { end J indlcate the lozatisn in the angle
of elevation, 2,, and azimuzh angle, s,. Tae
- v

cuantity r,, i3 the sum of the actual distance te-
‘"een ‘“e Loansmitier and tlie point cn the ground
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and the Gaussian noise due to the inaccuracy of

+ the laser rangefinder. Hence

i r“-du+vu (2)
, The renge matrix R is prqcessed both along all

i columns end across all rows. When processed vert-
.{cally up a colu=n, it is expected to detect Jumps
. in both range and in slope, a two-dimensidnel
_state vector is defined. 7The first component is
"the range d, and the second is the difference in

_ successive “renge data gi(slc;e) where

. LT
' The quantities g., 4,,8 are illustrated in Figure
11, © is 1llustreled In Figure 2.
H
Along & ¢olumn, the ) index is held constant. The
state equation is given es follows by omitting the
index J.

Xy TF XY Sy (W)
The meesurcmen* codel is:
Ty P E X Y Ve (s)
where - di T [ 1 1 :
x,= i F,= , 13 E=[1 0
i & J i L 0 £
0 (6)
B= 1 H ukxjunp in €, due to mn edge
It cen be shown ‘ha* for a flet plene,
1 +48 tan Bi
f1 ® 1-288 cot 8i (1)
Also 1 for L =k
$1x7%0 for i # & (8)

which is a Krcenecker delta funciicn.

Vectors w, 2nd v, represent rlant end measurement
noise respectiveiy. The guantity w, accounts fer
the deviaticn of the model from the actual state

equation. The quantity v, accounts for error in

the rangefinder. :

RANGE DATA AlID NOISE GENERATICH

The surface of each obstacle within the scanned
area is described by its cwun geometric ejuaticn

(9)

If the point con the ground rignt underneath the
laser rmast {s “aken as the cripin, then a level
plane with nc obstacle is descrited by 2=0.

f{x,y,2) =0

To determine the renge reading with azimuth angle
OJ and anple of elevation 7,, imarine a laser beenm
at these angles. The height H and (x,y) coordin-
ates of a point ¢n e beam a srall distance avay
from the laser rang. Iinder {s calculated and this
height is corpared with the height z of the terrain
with the sa=es (x,7) socoréinates. If H is greater
than z, then H of the point cne increrent down the
beam is calculated and corpared with 2z of the
correspending (x,7). The procedure {3 repested
until 2z is preater than H. Using a bisecticn

13—

methed, the (x,y) coordinates of the point where
the beam hits the terrain is determined. If the
height of this point is z* and the height of the
rangefinder is D, then the true range reading diJ
is given by

didt(D-z“)/sin(Bi) (10)
Note that if the beam does not hit any obsiecle,
2%=0 and

d1J=D/smBi (11)

fhese are {llustrated in Figures 2 eand 3.

CAPACITY CF MACEINE

simulation is
of this ccrputer

Tre corputing machine used in *nis
the Varian Data €20/i. The mercry
when expended, is & limiting 32767 vords, or rough-
1y 32K. The operating system usezl in this corput-
er takes up about LK. Hence the availedle merory
is only 28K. Fer corparison, the rerories re-
Guired by the various progrems are tatulated <n
Table 1.

Sonalkar Sher- Leung-
Shen on Shen on Shen ¢n
IBM 360/67 Varien Varien
Rapid Tstimation Scheme &K
L-directional w/0 Display 2%
L-directional w/ Display 8%
R.E.S. w/Display by combin-
ing Sonalkar and Sher 34K
R.E.S. w/Displey after
Improvement 27.5K
TABLE 1

The Memorv Reguirements of Various Pregrats

TECKNIQUES USED IN COMBINING THZ PPIGRAB
The original Sonalkar-Shen progran th2
the Repid Zstimation Scheme was writte
suitable for the IBM corputer, which has s
deal of cenvenient features not found in ¢
cormputer. In order <o run this ram cn
ian mechine, these sonvenient features nmust te
chenged to standard FORTRAN.

% sirulates
n in Fortran

wIan

oros
reve

Aanmmatibhle

compatitle, the

5 - -~ - ——
cle detectizn Tars

ams & razte
zlaci sbse.

sgram is taxen ¢ut, end .he
an, i.e., The Rapid Zstimaticn

Ba
')
2

four-directicna
in the Sher-She
Sonalkar-Shern pro
Scheme, is put in.

After the two rre
1

-
T
arie
roET
-

n'g crm

ZTach of the “wo sriginel progrons s
itself. After they are ccroine
progran is too lcnz end regquires

be improved &
the nunbers that are stc
+hese spaces are used. That is %3 say, WO C7
variables share the sare memory sSpace tecause
ere stcred in that space st different non-over
ing instances of time during the execution., T
only eccsunts for a small amount of rermcry sav
The majlor reductisn :n the remory rejuirerment Is
achieved ty storing the noiseless renre rairix end
noisy range matriz in the same rerlry spaces,

LK. Hence it must
memory spaces after

W g o o

2
-

ot
20

[

Moresver, the spaces set aside for ‘he noise rmatrix

-————



in the original program is eliminated. Hence the
noise {s added to the noiseless ranre reading as it
148 generated and the resultins neisy ranpe rending
.48 put back in the sare space, therefore erasing
.the noiseless readinr. Here werory saving does not
come at no expense because the noiseless ranse
ratrix and noise ratrix can bYe retrieved as two
seperated matrices frem the noisy range matrix.

PROCEDURE OF SIIVLATIOH

The IDIIOM displays three separate pictures, the
specification, the top view of the layout and 4he -
edge enhancerent.
the display preocess, the Varian 620/i will use the
initie) parameters for all calculations. The lirht
pen is used to interrupt the processing by pointing
at the parereter that one desires to change. The
new value of this parameter is entered through the
teletype. The Varian €20/1 will then use the new
data and continue the processine. The picture on
display can be replaced by ancther picture dy
pointing the light pen at the appropriate character.

The inputs to the computer ere the dirensicns end
locations of the obstacles (the dimensions of the
obstacles no® used will be zero), the height end
location of the laser ranrefinder, <he meximum and
minimum ecinmuth angles, the maxinum and minimum
angles of elevaticn, and the standard deviaticon of
the Gaussizan noise used. The above input pesrareters
have initial values es specified in Figure u(e).
They can be chenped through the use of the light

pen and the teletype.

With the input paraseters, the pr
the top view of the cbstacle leyc

When the display is interrugted by the
the program then cealculates the range data using
Eq.'s (10) end (11).

With the ncisy rangs data end the noise ceveriance,
the program prccesses the range data to detect the
corplete edges of the obstacles, using the Repid
Estirmation Scheme, i.e., E5.'s (1) through ( 8).
Eleven cases are simulatad. The values of the in-
puts for each case are shcwn in Table 2.

]

NUIERICAL RESULT3 AND TISCUSSICH

Fleven cases were simulated. Zach case ig e 4iffer-
ent corbinaticn of cbstacle sizes, locesicns, and
noise parareters. Scme have sinple cbstacle ani
some have nmultiple obstacles. For each cese, the
parareters, topview, and edze enhancerent are dis-
played. The values of 2iffercnt paraveters are
shown in the parareter display. The larouts cf “he
cbstacles are shewm in the tcpview displays and the
edpe enhancerent resul*s, i.e., the edge imeges,

are sho'm i{n the edge enhancement displays. The
parareters are chosen to {11

ian

the distance between obstacles and laser for use in
the Rapid Zstiraticn Schere. Scme of these eleven
ceses are shown in Figures L-10,

In Figure L(c), case Me. 1, cnly the top edge of
the 1 meter radius hemispherical beulder at 19
meters from the leser rangefinder (L.R.F.) can Ye

If no interruption occurs irm -

"detected because the obstacle is too close to the

L.R.F. and hence the signal-to-noise ratio (SHR)
i{s small with S cm. noise standard deviaticn. In
case No. 2, the noise standard deviution is in-
creased to 10 em. and everytlilng else {s the sanc
as in cesec No. 1.

In Figure 9, case llo. 3, the corplete edge of the
boulder at 20 m. from L.R.F. is detected for noise
with standerd deviation egual to S cm. In case
Mo.l and cese No. 5, the simulatisn {s repeated
for case Nc. 3, excert that the nol-e standard
deviation is now 10 cr. and 20 cm. respectively.
The perforresnce is very geod. In Fipure 6, case
No. 6, the corplete edge of a 1 m. radius hemis-
pherical boulder at 30 m. from L.R.F. with a noise
standerd deviaticn of 5 em. is detected. The edge
ennancerent result is tetter than that of the sare
boulder with the sam2 noise gt 20 rm. from L.R.F.
In case No. 7, the noise standari deviaticn €, ‘s
incressed %o 20 cm. In *this csse, the bettom'edge
is not so well defined. Case nurker & is
8 hemispnericnl crater with 1.5 m. radius a% 12 =.
rom the rover, with ¢, equal <2 2m. The far
and near edzes of the Crater are Zietected but scre
noisy edges ere picxed up in the backgreund.

Av.J

Figure 7, case No. 8, is en equilateral pyramié of
height 1 m. at 20 n. from the rover, with ¢, egqual
to 5 cm. and 1" cm. resrectively. Here R.Efs.

does not werk too well. The top of the pyranmid
gets truncated.

Case o, 10 (Fig. 8) and cese No. 11 resvectively
are nultiple cbstacles having & herispherical -
bouwlder, & hemisgherical crater, and a ryrerid

with their sizes and locations shawvn in the tcpview
and parameter displeys. The 0, in case Ng. 10 and
11 are 5§ cx. and 10 cm. respeciively. Cerplete
edges of all three cbstacles are dctected f{or <he
case with a smaller ¢.. For the case with a larger
0., the far edge of the crater and the beottexn edge
o¥ the pyramid ere not detected.

CONCLUSICH

It can be concliuded that *he Papid Zstimation
Scheme worzs very well in detecting corplete edres
of obstacles if tha obstazles are far encugh from
the leser rangefinder (> about 15 reters) and <he
noise standard deviaticn is not %30 large [<abus
10 em. This scneme cen still detect <cp edpe =f
boulder and near edre 2f crater if the cbstacles
are %00 ¢lase and ncise standard deviaticon is larg-
er then 10 em. Therefore, the Papid Estira<icn
Scheme is equivalent %o or bezter than the four-
‘:recticnal laplecian schere in performance. How-
ever, the forrer siheme needs slifhtly rore corpust-
aticn *han the lgt%er. Therefore, “re F.I.S. ex-
tracis mere informatizn from 4he noisy range masrix
if the siightly larger number of ccrputaticn is
allovable.
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TABLE 2 Values cf Input Parareters

|
'
1

1
[}
| ,
“ E Locesion (x,v) in Metoms . E;:d:,:::f Angle in Legrees _::’_;i_ §
(¥ of of of an Max. ¥ia. Max. Mia,  rienef | n
o4 Pyraszid | Boulder Crater finder |Prremid | Boulder | Crater | Actmuth | Aziruth | Elevetion] Elevacsier] noise | in
inem. | Fig

i1l (<10 (0,30} (1,9) 3.0 0.0 1.0 0.0 7.9 -7.0 19.6 19.0 5.0 L
! 2} (-1,0) (0,20) {1,0) 3.0 0.0 1.0 0.0 7.0 -7.0 19.6 9.2 | 190.¢ 2.8,
V31,0 | o2 | (1,0 3.9 0.0 1.0 0.0 k.0 -%.0 9.0 s.o0 ] s.0 s
; Wl (-1,0) (2,20) (1,0) 3.0 0.0 1.0 0.0 Lo -k.0 9.9 5.0 | 0.0 B.s.
; s (-1,0) | (c,29) (1,0) 3.0 0.0 1.9 0.0 L0 -k.0 9.0 5.0 | 20.0 Bes.
; 61 (-1,0) (0,30) (1,0) 3.0 0.0 1.0 0.0 3.0 -3.9 6.6 3.0 £.0 6
} 71 (-1,0) | (0,30 (1,0) 1.0 0.0 1.0 0.0 3.0 -3.0 6.6 3.0 | a0 n.s.
; 81 (0,200 | (-2,0) (1,0) 3.9 1.0 0.0 0.0 4.3 4.3 9.0 5.0 ] 5.0 7
fg] (1,26) | (~1,18)] (e,12) 2.0 0.9 0.0 1.5 7.5 -1.5 11.3 2.3 5.0 n.s.

1d (1,16) | (<1.28)) (c,12) 2.0 1.0 1.0 1.5 7.5 -1.5 1.3 2.3 s.0 8
J(a6) | (10e) | (0,12) 2.0 1.0 1.0 1.5 7.5 X 1.3 2.3 | 1.0 | s
{ A+S, Teans 'not shown'
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